Ubiquitin-specific processing proteases (UBPs) presently form the largest enzyme family in the ubiquitin system, characterized by a core region containing conserved motifs surrounded by divergent sequences, most commonly at the N-terminal end. The functions of these divergent sequences remain unclear. We identified two isoforms of a novel testis-specific UBP, UBP-t1 and UBP-t2, which contain identical core regions but distinct N termini, thereby permitting dissection of the functions of these two regions. Both isoforms were germ cell specific and developmentally regulated. Immunocytochemistry revealed that UBP-t1 was induced in step 16 to 19 spermatids while UBP-t2 was expressed in step 18 to 19 spermatids. Immunoelectron microscopy showed that UBP-t1 was found in the nucleus while UBP-t2 was extranuclear and was found in residual bodies. For the first time, we show that the differential subcellular localization was due to the distinct N-terminal sequences. When transfected into COS-7 cells, the core region was expressed throughout the cell but the UBP-t1 and UBP-t2 isoforms were concentrated in the nucleus and the perinuclear region, respectively. Fusions of each N-terminal end with green fluorescent protein yielded the same subcellular localization as the native proteins, indicating that the N-terminal ends were sufficient for determining differential localization. Interestingly, UBP-t2 colocalized with anti-␥-tubulin immunoreactivity, indicating that like several other components of the ubiquitin system, a deubiquitinating enzyme is associated with the centrosome. Regulated expression and alternative N termini can confer specificity of UBP function by restricting its temporal and spatial loci of action.
The ubiquitin system is a major cytosolic and nuclear pathway of proteolysis in all eukaryotic cells (reviewed in references 17 and 19) . In this proteolytic pathway, ubiquitin, a 76-amino-acid peptide, is ligated covalently to specific intracellular proteins by a series of enzymes. The first step is catalyzed by ubiquitin-activating enzyme (14) . The activated ubiquitin is then transferred from ubiquitin-activating enzyme to a specific cysteine residue of one of a family of ubiquitin-conjugating enzymes (13) . Some ubiquitin-conjugating enzymes transfer ubiquitin to substrates directly, but most support ubiquitin conjugation to substrates by interaction with one of the ubiquitin protein ligases (39, 44, 46) . The covalent attachment of ubiquitin to proteins commonly targets them for degradation by a multisubunit complex, the 26S proteasome (reviewed in reference 5), but may also serve other signaling functions such as endocytosis (18) .
Interestingly, besides these enzymes involved in linking ubiquitin to proteins, there are a large number of deubiquitinating enzymes, which remove ubiquitin from covalent attachments to itself or other proteins (reviewed in reference 51). In fact, sequence analysis of the Saccharomyces cerevisiae genome indicates that there are more deubiquitinating enzymes than ubiquitin-conjugating enzymes (6, 51) .
Analyses of these enzymes to date indicate that deubiquitinating enzymes can have a number of possible functions. First, these enzymes process the products of ubiquitin genes. Ubiquitin is encoded by two distinct classes of genes, neither of which encodes the monomer form of ubiquitin. One is a polyubiquitin gene encoding a linear polymer of ubiquitins that are linked through peptide bonds between the C-terminal Gly residue and the N-terminal Met residue of contiguous ubiquitin molecules (36) . The other encodes a fusion protein consisting of ubiquitin and a ribosome subunit (10, 43) . Thus, the generation of free monomeric ubiquitin from the linear polyubiquitin and from the ubiquitin fusion protein needs deubiquitinating enzymes which have peptidase activity (3, 9, 28) . Second, deubiquitinating enzymes can also remove esters and amides from ubiquitin to produce free monomeric ubiquitin in the cell (40) . Third, ubiquitin-dependent protein degradation requires attachment of at least one ubiquitin to a target protein via an isopeptide bond between the carboxy-terminal glycine of ubiquitin and the ε amino group of the side chain of a lysine residue on the target protein. In many cases, additional ubiquitin molecules can be successively conjugated via isopeptide bonds to form a polyubiquitin chain (17, 19) . The polyubiquitin chain must be disassembled by deubiquitinating enzymes with isopeptidase activity during or directly after proteolysis, regenerating free monomeric ubiquitin (1, 15, 38) . In this way, deubiquitinating enzymes can potentially stimulate protein degradation. Fourth, deubiquitinating enzymes can possibly counteract the effects of ubiquitin-conjugating enzyme-and ubiquitin protein ligase-mediated conjugation by competitively removing the polyubiquitin chain from the conjugated protein (20, 26) . This might represent a means of preventing degradation by the proteasome or a means of negatively regulating ubiquitination-dependent functions other than protein degradation.
Deubiquitinating enzymes can be divided broadly on the basis of sequence homology into two classes, the ubiquitinspecific processing protease (UBP, also known as USP or type 2 UCH) and the ubiquitin C-terminal hydrolase (UCH, also known as type 1 UCH) (reviewed in references 6 and 51). It has been shown that UBPs are capable of cleaving the linear ubiquitin gene products (3) and disassembling branched polyubiquitin chains (9) . They contain two very highly conserved motifs, the CYS and HIS boxes which presumably play important roles in catalysis (51) . In contrast, UCH enzymes hydrolyze primarily carboxy-terminal esters and amides of ubiquitin (40) but may also cleave ubiquitin gene products (27) . The active site of these UCH enzymes contains a catalytic triad consisting of cysteine, histidine, and aspartate and utilizes a chemical mechanism similar to that of papain (22, 23) .
A very large number of deubiquitinating enzymes exist. Possibly, these deubiquitinating enzymes recognize distinct substrates and are therefore involved in specific cellular processes. For example, BAP1, which belongs to the UCH class, binds to the breast cancer tumor suppressor protein BRCA1, augmenting the growth-suppressive effects of BRCA1 (21) . In addition, the yeast UBPs DOT4 and UBP3 interact with SIR4 and mediate an inhibition of silencing (24, 31) . Although there is evidence of specificity of these deubiquitinating enzymes, their structure-function relationships remain poorly studied.
We have been studying the role of ubiquitin-dependent protein degradation during male germ cell development (42, 52, 53) . Spermatogenesis is a complex developmental process in which undifferentiated stem cells become committed to the spermatid lineage, pass through the spermatocyte stages during which DNA replication and genetic recombination occur, and undergo the two divisions of meiosis to generate haploid round spermatids, which then differentiate into mature elongated spermatids (reviewed in reference 4). This last process involves condensation and removal of much of the cytoplasm as well as reorganization of the chromatin into a tighter structure. Some of this reorganization comes from condensation of cytoplasm into a residual body, which is then phagocytosed by Sertoli cells (45) . However, ubiquitination appears also to be involved in this developmental process. We have previously demonstrated the activation of ubiquitin conjugation during spermatogenesis (42) . Since deubiquitinating enzymes can play a role in modulating ubiquitination, we have begun to examine the role of these enzymes in this developmental process. To this end, we attempted to find UBP enzymes which were regulated during spermatogenesis. In this paper we report the identification of one UBP enzyme which is expressed in the testis as two isoforms with the same core region but distinct amino termini, allowing precise analysis of the function of the divergent termini. Intriguingly, we observed that the two isoforms were expressed at different stages of spermatid development and that the amino termini played a determining role in the subcellular distribution of the enzymes.
MATERIALS AND METHODS
Cloning of cDNAs encoding UBP-t1 and UBP-t2. 3Ј rapid amplification of cDNA ends (RACE) (12) was used to identify a rat cDNA fragment with sequence similarity to the conserved CYS box identified for the UBP enzyme superfamily (55) . cDNA was synthesized from rat testis RNA (2 g) in a 20-l reaction mixture using reverse transcriptase (Gibco-BRL Superscript Preamp kit), as specified by the supplier, and the oligonucleotide (20 pmol) 5Ј-GACTC GAGTCGACATCGAT 17 -3Ј as a primer. The 3Ј-tailed cDNA (2 l) was used as a template in a PCR in which the oligonucleotides 5Ј-GGIAA(T/C)ACITG(T/ C)T(T/A)(T/C)(C/A/T)TGAA-3Ј, derived from CYS box residues of the UBP sequence (see Fig. 1 ) and 5Ј-GACTCGAGTCGACATCGA-3Ј were used. Annealing was carried out at 45°C for 1 min, and extension was carried out at 72°C for 3 min, and 35 cycles were performed. A 1.5-kb DNA fragment was amplified, subcloned, and sequenced. Since the predicted protein sequence from the 1.5-kb fragment indicated marked similarity to other UBP sequences, the PCR-ampli-fied DNA fragment was labeled with 32 P and used as a probe to screen a rat testis cDNA library in the zapII vector (Stratagene). An aliquot containing 10 6 recombinants was screened by transfer of plaques to nitrocellulose membranes and hybridization with the probe. Purified positive phage were grown and the pBluescript plasmid containing the insert was excised from the phage as specified by the manufacturer and sequenced.
In vitro assay of recombinant UBP-t1 and UBP-t2 enzyme activities. DNA fragments encompassing the coding region of UBP-t1 and UBP-t2 were amplified by PCR and subcloned into the pET-11d vector (Novagen) and sequenced. The pET-11d plasmids containing UBP-t1 and UBP-t2 were transformed individually into Escherichia coli BL21(DE3). Following induction with isopropyl-␤-D-thiogalactopyranoside (IPTG) for 2 h at 30°C, the cells were harvested, sonicated, and centrifuged at 10,000 ϫ g at 4°C. The supernatants containing the individual UBP-t1 and UBP-t2 enzymes were used in the assays. For the in vitro assays, 125 I-labeled linear N ␣ -diubiquitin or 125 I-labeled branched-chain N ε -triubiquitin was used as substrate. Aliquots (8 l) of lysates containing UBP-t1 or UBP-t2 enzymes were incubated in a total volume of 25 l containing 150 nM 125 I-N ␣ -diubiquitin or 125 I-N ε -triubiquitin, 50 mM Tris-HCl (pH 7.8), 1 mM EDTA, and 1 mM dithiothreitol at 37°C for 1 h. The reactions were stopped with Laemmli sample buffer plus 2-mercaptoethanol, and the products were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 20% acrylamide gels and detected by autoradiography.
Northern hybridization. RNA was prepared from different rat tissues by the guanidium thiocyanate CsCl method. RNA blotting was performed by resolving 10 g of RNA on 1% agarose gels containing formaldehyde, transferring the products to nylon membranes, and cross-linking them with UV light. The membranes were hybridized with 32 P-labeled cDNA probes, washed, and then subjected to autoradiography.
Preparation of antibodies. Antibodies specific for either UBP-t1 or UBP-t2 were prepared by immunizing rabbits with Freund's adjuvant mixed with proteins consisting of specific amino-terminal sequences of the isoforms (UBP-t1 residues 1 to 47, UBP-t2 residues 127 to 270) fused distal to maltose binding protein or a His 6 tag, respectively. Antibodies were affinity purified by passing crude antiserum over Affi-Gel 10 columns coupled separately to glutathione S-transferase (GST) fusions of the same amino-terminal sequences. Use of these purified antibodies on immunoblots of samples of testis extract or bacterial extracts expressing UBP-t1 or UBP-t2 confirmed the isoform specificities of the antibodies. Tissue fixation and immunohistochemical staining. Adult Sprague-Dawley rats were anesthetized with sodium pentobarbital. The testes were fixed with Bouin's fixative by perfusion through the abdominal aorta. The testes were removed, dehydrated in graded ethanol, and embedded in paraffin. Paraffin sections (5 m thick) were processed for immunostaining, incubated with anti-UBP-t1 or UBP-t2 N-terminus-specific antibody, and reacted with a peroxidaseconjugated anti-rabbit immunoglobulin G (IgG). As negative controls, the antibodies were preincubated with excess purified GST protein fused to the N termini of UCH-t1 or UCH-t2 before being immunostained.
Electron microscopic immunocytochemistry. Rat testes were fixed by a 10-min perfusion through the abdominal aorta with 0.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer. Tissue was then embedded in Lowicryl K4M as previously described (35) . Ultrathin sections were mounted on 300-mesh Formvar-coated nickel grids. Each grid containing numerous sections was floated on a drop of 20 mM Tris-buffered saline (TBS) (pH 7.4) containing 10% goat serum and then incubated for 1 h with anti-UBP-t1-or anti-UBP-t2-specific antibody in TBS. The grids were washed three times for 5 min each in TBS containing 0.5% Tween 20 and then incubated for 1 h with colloidal gold (diameter, 10 nm)-conjugated goat anti-rabbit antibody (diluted 1:20 in TBS). The sections were washed three times for 5 min each in TBS containing 0.05% Tween 20 and once in distilled water. They were counterstained with uranyl acetate in 30% ethanol for 2 min followed by lead citrate for 30 s. As a negative control, the anti-UBP-t1 or anti-UBP-t2 antibody was preincubated with excess purified GST-UBP-t1 or GST-UBP-t2 protein, respectively, for 2 h at 37°C before being used on the sections. Electron micrographs were obtained on a Philips 400 electron microscope.
Expression of green fluorescent protein (GFP) fusion in COS-7 cells. Sequences encoding the UBP-t1 N-terminal extension (residues 1 to 49) or UBP-t2 N-terminal extension (residues 1 to 271) were amplified by PCR, subcloned separately into the pEGFP-N1 vector (Clontech), and sequenced. COS-7 cells on several round coverslips (12 mm in diameter) per 100-mm petri dish were seeded into Dulbecco's modified Eagle's medium (DMEM) containing 10% Nud serum. Either pEGFP-UBP-t1 N terminus, pEGFP-UBP-t2 N terminus, or pEGFP plasmids (5 g) were transfected by the DEAE-dextran method. At 40 h later, cells on coverslips were washed with cold 1ϫ phosphate-buffered saline (PBS), fixed with 3.8% paraformaldehyde, and mounted in Mowiol. The cells were examined and images were analyzed by confocal microscopy.
Expression of UBP-t1-His 6 -myc, UBP-t2-His 6 -myc, and UBP-core-His 6 -myc in COS-7 cells and immunostaining. UBP-t1, UBP-t2 full-length sequences, or UBP-core sequence were amplified by PCR separately and subcloned into the pcDNA3.1 vector (Invitrogen) to express the protein with a His 6 -myc tag. These plasmids were transfected into COS-7 cells as described above for the pEGFP plasmids. At 40 h following transfection, the cells were fixed using 3.8% paraformaldehyde in PBS for 30 min at room temperature and washed with PBS. The cells were permeabilized with 0.5% Triton X-100 in PBS for 30 min at room temperature and then blocked with 10% goat serum in PBS for 1 h at room temperature. After being washed with PBS, the cells were incubated with antimyc monoclonal antibody (1:200 dilution) (Sigma) at 4°C overnight. Following three washes with 0.05% Tween 20 in PBS, the cells were incubated with a 1:100 dilution of fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse secondary antibody. After three washes with 0.5% Tween 20 in PBS and one wash with water, coverslips were mounted on microscope slides using Mowiol and visualized with a confocal microscope (Zeiss LSM41c).
To check whether UBP-t2 colocalizes with ␥-tubulin, cells transfected with pcDNA3.1 vector expressing full-length UBP-t2 were incubated with both anti-␥-tubulin monoclonal antibody (Sigma, 1:100 dilution) and anti-UBP-t2-amino-terminus polyclonal antibody (1:50 dilution) at 4°C overnight. Following three washes with 0.05% Tween-20 in PBS, the cells were incubated with trimethylrhodamine-5-isothiocyanate (TRITC)-conjugated goat anti-mouse secondary antibody (1:100 dilution) and FITC-conjugated goat anti-rabbit secondary antibody (1:100 dilution).
Nucleotide sequence accession numbers. The sequences for UBP-t1 and UBP-t2 have been deposited in the GenBank database under accession numbers AF202453 and AF202454, respectively.
FIG. 2. Expression of UBP mRNA in rat tissues. RNA samples (10 g) from the indicated tissues of adult (unless otherwise indicated) rats were resolved by electrophoresis on 1% agarose gels and transferred to a nylon membrane. Following hybridization with a 32 P-labeled fragment from the UBP-t core region cDNA, the membrane was washed and exposed to film. EDL, extensor digitorum longus; SOL, soleus.
FIG. 3. UBP-t1 and UBP-t2 have deubiquitinating-enzyme activities. Enzymatic activities toward 125 I-diubiquitin (Di-Ub) joined in a peptide bond and 125 I-triubiquitin polymer (Tri-Ub) linked via lysine 48 isopeptide bonds were measured in lysates prepared from E. coli cells expressing either UBP-t1 or UBP-t2. Reaction products were separated by SDS-PAGE and detected by autoradiography. An equivalent volume of bacterial lysate not expressing UBP-t1 or UBP-t2 was used as the negative control.
FIG. 4. Induction of UBP-t1 and UBP-t2 mRNAs during postnatal development of the testis. RNA (10 g) from rat testes of different ages were electrophoresed on a 1% agarose gel and transferred to a nylon membrane. After hybridization with cDNA probes derived from the 5Ј end of UBP-t1 (A) or UBP-t2 (B), the blots were subjected to autoradiography. Following removal of the probe, the membranes were rehybridized with a probe based on the 18S rRNA to evaluate loading and transfer of the samples to the membrane.
RESULTS

Identification of cDNAs encoding UBP-t1 and UBP-t2.
To identify ubiquitin-specific processing proteases expressed in rat testis, 3Ј RACE was used in a PCR with a degenerate oligonucleotide encoding the sequence conserved in the CYS box of UBP enzymes (55) and testis RNA as the template. A 1.5-kb DNA fragment was amplified and sequenced. Comparison of the deduced protein sequence with entries in the GenBank database revealed the presence of a HIS box as well as other conserved motifs found in UBP enzymes (51) ( Fig. 1 ). To check which tissues express this deubiquitinating enzyme, RNA from various rat tissues were analyzed by Northern blotting using the DNA fragment as a probe. High expression of this UBP mRNA was seen in the testis (Fig. 2 ). Two bands (3.8 and 1.8 kb) were seen in testes from 25-day-old rats, and three bands (3.8, 2.4, and 1.8 kb) were seen in testes from adult rats. To obtain full-length clones, a cDNA library derived from this tissue was screened. Two types of clones were observed. Both of them possessed the sequence at the 3Ј end, identified by 3Ј RACE. However, two different 5Ј-end sequences were found. One encoded 271 amino acids forming a long N-terminal extension, and the other encoded 49 amino acids forming a short N-terminal extension (Fig. 1) . Several pieces of evidence confirmed that these two isoforms were indeed expressed in the testis. First, 5Ј RACE (12) analysis confirmed the presence of these two types of RNA transcripts. In this method, cDNA was synthesized using an oligonucleotide primer from the common core region and then tagged at the 5Ј end. The cDNA was then used as template in a PCR using an oligonucleotide primer which would recognize the sequence tag at the 5Ј end and a primer also from the common core region. Two products were obtained which contained the same core region sequence but different 5Ј ends corresponding to the two distinct cDNA clones (data not shown). Second, reverse transcription-PCR using primers from the 5Ј ends of the two different forms separately with a primer from the 3Ј end of the common core region yielded the two expected products. Finally, as described below, each of the N-terminal ends could be assigned to spe-cific mRNA transcripts. Since the core region contains the CYS and HIS boxes as well as other motifs which are conserved in ubiquitin-specific processing proteases (51) and since this deubiquitinating enzyme is expressed predominantly in the testis, this enzyme was named ubiquitin-specific processing protease testis (UBP-t). We refer to the short isoform as UBP-t1 and the long isoform as UBP-t2.
UBP-t1 and UBP-t2 have deubiquitinating enzyme activities. To determine whether UBP-t1 and UBP-t2 possess ubiquitin-specific peptidase or isopeptidase activities, UBP-t1 and UBP-t2 were individually expressed in E. coli. The bacterial lysates were tested against diubiquitin joined together as a peptide bond between the C terminus of one ubiquitin molecule and the N terminus of another ubiquitin molecule. They were also tested against a branched triubiquitin chain linked via isopeptide bonds between the ε-amino group of lysine 48 in FIG. 6. UBP-t1 and UBP-t2 antibodies are specific. Bacterial lysates containing the full length of UBP-t1 or UBP-t2 or the homogenates of 65-day-old rat testes were resolved by SDS-PAGE on 10% polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were probed with anti-UBP-t1 N-terminal extension or UBP-t2 N-terminal extension antibody separately and then incubated with horseradish peroxidase-conjugated protein A and subjected to chemiluminescent detection. one ubiquitin molecule and the C terminus of another ubiquitin molecule (Fig. 3 ). Both UBP-t1 and UBP-t2 can digest diubiquitin to produce monomeric ubiquitin and can digest triubiquitin to produce monomeric ubiquitin and a branched diubiquitin. The cleavages were not due to bacterial proteases, since lysates from uninduced bacteria had no such activities ( Fig. 3) . Furthermore, the cleavages were blocked by ubiquitin aldehyde, a specific inhibitor of many deubiquitinating enzymes (data not shown). Thus, UBP-t1 and UBP-t2 can hydrolyze both types of bonds.
Induction of UBP-t1 and UBP-t2 mRNA during postnatal development of the testis. Since the testis undergoes important postnatal development during which progressively more mature germ cells appear, we examined whether UBP-t1 and UBP-t2 are also developmentally regulated. RNA from testes of rats of different ages were analyzed by Northern blotting with probes specific to each of the distinct 5Ј regions of UBP-t1 and UBP-t2 cDNAs (Fig. 4) . Two transcripts of UBP-t1, 1.8 and 3.8 kb long, were observed. UBP-t1 mRNA was undetectable in testis samples from 20-day-old rats but was markedly induced in samples from 25-day-old rats (Fig. 4A ). Two transcripts of UBP-t2, 3.8 kb and 2.4 kb long, were found. UBP-t2 mRNA was undetectable in testis until 30 days of age, when its expression was dramatically increased (Fig. 4B ). The later induction of UBP-t2 explains the earlier observations that an extra transcript was detected by Northern blotting in adult samples compared to samples from 25-day-old rats (Fig. 2) .
The UBP-t1 and UBP-t2 proteins are expressed in different elongated spermatids. Since the expression of UBP-t appeared during puberty, this suggested that UBP-t1 and UBP-t2 might be expressed in the developing germ cells of the testis. Spermatid development in the rat testis has been well delineated morphologically into steps. In the rat, 14 stages of the cycle of the seminiferous epithelium have been characterized ( Fig. 5 ) (29), each formed by several generations of germ cells, where a generation is defined as a group of cells at the same step of development. As a consequence, any stage will be contributed by one generation of spermatogonia resting directly on the basal lamina adjacent to the somatic Sertoli cell, one or two generations of spermatocytes usually located above the layer of spermatogonia, and one or two generations of spermatids found near the lumen. These specific cellular associations have constant duration. To identify the cells expressing UBP-t1 and UBP-t2 proteins, affinity-purified antibodies specific to each N terminus were produced, confirmed to be specific to each isoform (Fig. 6 ), and then used in immunocytochemical staining of testis sections. UBP-t1 protein was expressed earlier than UBP-t2 protein during spermatogenesis ( Fig. 7 and 8 ). UBP-t1 was first detected in step 16 spermatids in stage III and was maintained at a high level until step 18 spermatids in stage VI. A decreased level of staining was observed in step 19 spermatids in stage VII, and the staining was even more suppressed in step 19 spermatids in stage VIII. UBP-t2 was first detected in step 18 spermatids in stage VI. Interestingly, it was also highly distributed in residual bodies. As negative controls, the anti-bodies were preincubated with excess purified GST protein fused to the N termini of UCH-t1 or UCH-t2 before immunostaining. These control immunostainings did not yield any reaction (data not shown).
As described above, UBP-t1 and UBP-t2 mRNAs first appear in the testis on days 25 and 30, respectively. The most mature cells present in the testis at these ages are steps 3 and 8 round spermatids, respectively. This suggests that the mRNAs are synthesized in early round spermatids and stored and are used as templates to translate into protein only when the cells have been transformed into late elongated spermatids (Fig. 5) . Indeed, in situ hybridization studies confirmed that UBP-t mRNAs were first found in late pachytene spermatocytes and were highly expressed in round spermatids (data not shown).
The N-terminal extensions of UBP-t1 and UBP-t2 regulate their subcellular distribution. To examine the subcellular distribution of UBP-t1 and UBP-t2 in spermatids, anti-UBP-t1 and anti-UBP-t2 specific antibodies were used in electron microscopic immunocytochemical staining of rat testis tissue ( Fig.  9 ). UBP-t1 staining was found mainly in the nucleus. In contrast, UBP-t2 staining was found in residual bodies (data not shown), as was seen with immunocytochemical staining under the light microscope ( Fig. 8 ). However, within the late-elongating spermatids, UBP-t2 was found in the spermatid head but was absent from the nucleus and acrosome. Therefore, it is located perinuclearly in the thin area between the outer acrosomal membrane and the plasma membrane. Since UBP-t1 and UBP-t2 differ only in their amino-terminal extensions, these sequences must be involved in the differential distribution of these two isoforms in the spermatids.
To test whether the amino-terminal extensions of UBP-t1 and UBP-t2 are sufficient for determining this distribution, they were fused separately to the amino-terminal ends of GFP and expressed in COS-7 cells (Fig. 10A) . The N-terminal extension of UBP-t1 fused to GFP was located predominantly in the nucleus. However, the N-terminal extension of UBP-t2 fused to GFP protein was found mainly in a perinuclear location. Thus, these distribution patterns were consistent with the distribution of UBP-t1 and UBP-t2 in the spermatids. To exclude the possibility that GFP sequences were involved in determining this localization in COS-7 cells, the full-length UBP-t1 and UBP-t2 forms as well as the common UBP-core region were expressed in the cells separately as myc-tagged proteins. UBP-core was found in both cytoplasmic and nuclear compartments. However, the distribution patterns of UBP-t1 and UBP-t2 were exactly the same as the distribution patterns of the N-terminal extensions of UBP-t1 and UBP-t2 fused to the GFP protein (Fig. 10B) . Thus, the N-terminal extensions of UBP determine the subcellular localization of the UBP.
Since UBP-t2, although extranuclear, was not evenly distributed in the cytoplasm, we suspected that it may be located to a specific organelle or structure. Therefore, we performed confocal microscopy using cells transfected with UBP-t2 and stained with anti-UBP-t2 N-terminal antibody and a panel of organelle-specific antibodies. Confocal microscopic analysis FIG. 7. UBP-t1 protein is expressed in step 16 to 19 spermatids. A cross section of rat seminiferous epithelium was immunostained with anti-UBP-t1 N-terminusspecific antibody and reacted with a peroxidase-conjugated anti-rabbit IgG. The reaction was visualized under a light microscope. (a) A cross section of seminiferous tubule at stage III of the cycle of the seminiferous epithelium demonstrates that the reaction is over step 16 spermatids. (b) A cross section of seminiferous tubule at stage V of the cycle of the seminiferous epithelium shows that the reaction is over step 17 spermatids. (c) A cross section of seminiferous tubule at stage VI of the cycle of the seminiferous epithelium shows that the reaction is over step 18 spermatids. (d) A cross section of seminiferous tubule at stage VII of the cycle of the seminiferous epithelium demonstrates that the reaction is over step 19 spermatids. (e) A cross section of seminiferous tubule at stage VIII of the cycle of the seminiferous epithelium shows that the reaction is over step 19 spermatids. Residual bodies were not stained but appeared dark because a blue filter used during photography did not eliminate the methylene blue counterstain. (Preincubation of antibody with GST fused to the UBP-t1 N terminus before hybridization with the sections resulted in the absence of any staining [data not shown]). Magnification in panels b, c, and d is the same as in panel e. following staining with antibodies specific to the endoplasmic reticulum, Golgi, and actin did not yield significant overlap with the anti-UBP-t2 signal (data not shown). However, anti-␥-tubulin immunofluorescence colocalized tightly with that of the anti-UBP-t2 antibody (Fig. 10C) , indicating that UBP-t2 may be associated with the centrosome and other ␥-tubulincontaining structures (33, 47) . Similar analysis using cells transfected with UBP-t1 and staining with anti-UBP-t1 N-terminal antibody did not produce any colocalization, confirming the dependence of the centrosomal localization on the N-terminal sequence of UBP-t2 (data not shown).
DISCUSSION
Members of the UBP family of deubiquitinating enzymes possess a core region containing six highly conserved sequence motifs including the presumptive active-site cysteine and histidine residues (51) . Surrounding the core region are extensions, most commonly amino terminal, which contain divergent sequences. The functions of these divergent sequences remain unclear. We have reported here the characterization of a novel UBP. This enzyme is unique among UBPs described to date in having two isoforms characterized by identical core regions containing the conserved elements in the UBP family but divergent amino terminal sequences (Fig. 1 ). This provided a unique opportunity to critically examine the function of these divergent amino-terminal sequences and resulted in a number of intriguing findings. Although these findings are derived from studies of testis-specific enzymes, the derived concepts are probably broadly applicable to the UBP family.
We have shown, for the first time, that one of the functions of these divergent sequences is to determine the subcellular FIG. 9. UBP-t1 and UBP-t2 are differentially distributed in spermatids. Rat testis ultrathin sections were mounted on Formvar-coated nickel grids, stained with anti-UBP-t1 or anti-UBP-t2 specific antibody, and incubated with colloidal gold-conjugated goat anti-rabbit antibody. Sections were counterstained with uranyl acetate followed by lead citrate. As a negative control, the anti-UBP-t1 or anti-UBP-t2 antibody was preincubated with excess GST-UBP-t1 or GST-UBP-t2 protein for 2 h at 37°C prior to use on the sections. Electron micrographs were taken on a Philips 400 electron microscope. The circled small black dots represent positive staining. localization of the enzymes to specific organelles ( Fig. 9 and  10 ). Within spermatids, the UBP-t1 isoform was localized primarily to the nucleus while the UBP-t2 isoform was found extranuclearly and in residual bodies extruded from maturing spermatids. When expressed in cultured cells without the amino-terminal extensions, the core region alone was distributed in both the nucleus and cytoplasm. In contrast, intact UBP-t1 was localized in the nucleus while UBP-t2 was localized primarily in a discrete perinuclear region of the cell. Finally, the two amino-terminal sequences fused to a heterologous protein were able to target the reporter protein to subcellular distributions identical to those of the native UBP-t isoforms. Together, these findings demonstrate that these amino-terminal sequences were both necessary and sufficient to mediate the differential localization of the isoforms.
Interestingly, the localization of UBP-t1 to the nucleus was determined by only a 49-residue extension to the core region. No apparent similarities to known nuclear localization signals were detectable in this sequence, suggesting the presence of either a novel signal or the transport of this protein into the nucleus bound to another protein bearing such a signal. Intriguingly, the perinuclear distribution of UBP-t2 matched perfectly the location of ␥-tubulin. ␥-Tubulin is found predominantly in the microtubular organizing center or centrosome but also occurs in other cytoplasmic structures, although the distribution may vary depending on the stage of the cell cycle (25, 32, 33) . Centrosomes are present in spermatids but appear to have somewhat different functions. In elongated spermatids, the centrosome is reduced and segregated away from the centrioles and serves mainly as attachment points for the flagellar apparatus. The centrosomal apparatus is larger in less developed cells, but as the centrosome becomes reduced, it becomes sequestered in the residual body, as shown by localization of ␥-tubulin to these structures (30) . Thus, our localization of UBP-t2 to the residual body would also be consistent with association of this isoform with the centrosome or other ␥-tubulin-containing structures during spermatogenesis.
Interestingly, a number of other components of the ubiquitin system have been recently localized to the centrosome. These include some components of the Skp1-Cullin-F box and anaphase-promoting complex families of ubiquitin-protein ligases, the 20S proteasome and its modulatory complexes, the 19S regulatory particle, and the PA700 activator and certain heat shock proteins (2, 11, 49, 50) . Several of these components show a perinuclear distribution strikingly similar to what we have observed with UBP-t2 (50) . Recently, centrosomes were reported to contain deubiquitinating activity (8) , but no specific enzymes had been identified at this site. Two deubiquitinating enzymes are physically associated with the proteasome (26, 37) and so may indirectly be centrosome associated and responsible for the deubiquitinating activity. Recently, the amino terminus of one of them, DOA4, was shown to be able to confer binding to the proteasome, indicating that aminoterminal extensions can modulate protein-protein interactions (37) . From these data, it has been proposed that the centrosome may be an intracellular locus of the ubiquitin-dependent proteolytic pathway. In such a scenario, centrosomal UBPs may be involved in the disassembly of branched multiubiquitin chains during or after proteasome-mediated destruction of the substrate. Whether UBP-t2 plays such a role in the centrosomes of the testis is unclear due to the atypical nature of this structure in the testis. Interestingly, part of the centrosome is segregated to the residual body, where UBP-t2 protein is also partly localized. Residual bodies are inclusions containing cytoplasmic contents that become phagocytosed by the adjacent Sertoli cells. Although believed to be ultimately hydrolyzed in lysosomes of the Sertoli cells, it is possible that the cytoplasmic contents include other enzymes of the ubiquitin/proteasome system. Therefore, UBP-t2 could be involved in supporting ubiquitin-mediated proteolysis in the residual bodies by regenerating free ubiquitin.
Our biochemical characterization ( Fig. 3) to date is consistent with such a function, since the enzyme was capable of hydrolyzing branched polyubiquitin chains. Interestingly, both isoforms were capable of this and also of processing linear ubiquitin chains and ubiquitin fused to other peptides. Thus, UBP-t could also be involved in processing the products of translation of the polyubiquitin genes or ubiquitin-protein fusion genes. These data would suggest that these amino-terminal ends do not influence the ability of the enzyme to discriminate between these two distinct classes of substrates. In fact, the core domain itself is sufficient to carry out such cleavages (data not shown). However, our recent studies suggest that the amino-terminal sequences can cause subtle differences in preferences among these classes of substrates (unpublished data). It has also been hypothesized that the divergent sequences may be involved in substrate selectivity, but at the level of discrimination of the protein to which the ubiquitin is attached. This is a possibility that remains to be explored.
The other intriguing characteristic of these deubiquitinating enzymes was their highly precise regulation. Among all tissues examined, the enzyme was expressed predominantly in the FIG. 10 . N-terminal sequences of UBP-t1 and UBP-t2 determine subcellular localization. (A) COS-7 cells were transfected with plasmids expressing either the UBP-t1 N-terminal extension (UBP-t1-N-GFP) or the UBP-t2 N-terminal extension (UBP-t2-N-GFP) fused to GFP or the GFP alone. Cells were fixed and examined using a confocal fluorescence microscope. (B) COS-7 cells were transfected with plasmids expressing myc epitope tags of either UBP-t1, UBP-t2, or the core region alone. Following fixation, the cells were stained sequentially with anti-myc antibody and FITC-conjugated goat anti-mouse IgG antibody and examined with a confocal fluorescence microscope. (C) COS-7 cells were transfected with a plasmid expressing myc-tagged UBP-t2. Following fixation, the cells were stained with both anti-amino-terminal extension of UBP-t2 polyclonal antibody and anti-␥-tubulin monoclonal antibody followed by both FITC-conjugated goat anti-rabbit IgG antibody (green) and TRITC-conjugated goat antimouse IgG antibody (red). Confocal microscopy was used to detect anti-UBP-t2 fluorescence (UBP-t2-N-Ab) and anti-␥-tubulin fluorescence (Tubulin-Ab) and to analyze for colocalizing signals (Overlap, yellow). testis (Fig. 2) . Within the testis, expression appeared germ cell specific ( Fig. 7 and 8 ). Furthermore, within the germ cell lineage, each isoform was induced at different stages of development ( Fig. 4) , with the shorter UBP-t1 isoform appearing earlier than the longer UBP-t2 isoform. Interestingly, UBP-t1 and UBP-t2 mRNAs were detected at days 25 and 30, respectively, coincident with the appearance of round spermatids. These distinct mRNAs probably arise from alternate splicing, and genomic cloning is under way to evaluate this. Although UBP-t mRNAs were definitely present in round spermatids, UBP-t1 and UBP-t2 proteins were detectable only in elongating spermatids ( Fig. 7 and 8) . The differential expression of the two isoforms was also preserved at the protein level in these cells, since UBP-t1 protein appeared in step 16 spermatids whereas UBP-t2 was first clearly expressed only in step 18 spermatids. This argues that the UBP-t mRNAs were probably sequestered following transcription and were released only for translation at a later stage. Such sequestration is well described during spermatid development (16, 34, 48) , particularly with respect to the expression of protamines whose genes are transcribed in round spermatids (54) but translated only in elongating spermatids (41). Finally, as described above, within the elongating spermatids, the two isoforms were differentially localized in the cell (Fig. 9 ).
The UBP enzymes currently form the largest defined family in the ubiquitin system. To date, the rationale for such a large number of isoforms is unknown. Taken together, our data indicate that numerous isoforms can permit specific regulation of expression and subcellular localization of individual deubiquitinating enzymes. Even in the absence of substrate specificity intrinsic to the enzymes, such temporal and physical specificity of their expression can result in specificity of function by catalyzing the removal of ubiquitin from proteins located at specific sites under particular developmental, physiological, or pathological conditions. Since UBP-t1 and UBP-t2 appear to be expressed only in elongating spermatids for which there are no cell culture models, further characterization of function of these particular enzymes will require genetic manipulation in transgenic models.
